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Abstract
Entangled pseudoscalar neutral meson pairs have been used in studying CP violation and search-
ing CPT violation, but almost all the previous works concern C = −1 entangled state. Here we
consider C = +1 entangled state of pseudoscalar neutral mesons, which is quite different from
C = −1 entangled state and provides complementary information on symmetry violating param-
eters. After developing a general formalism, we consider three kinds of decay processes, namely,
semileptonic-semileptonic, hadronic-hadronic and semileptonic-hadronic processes. For each kind
of processes, we calculate the integrated rates of joint decays with a fixed time interval, as well
as asymmetries defined for these joint rates of different channels. In turn, these asymmetries can
be used to determine the four real numbers of the two indirect symmetry violating parameters,
based on a general relation between the symmetry violating parameters and the decay asymmetries
presented here. Various discussions are made on indirect and direct violations and the violation of
∆F = ∆Q rule, with some results presented as theorems.
PACS numbers: 11.30.Er, 13.20.-v, 13.25.-k
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1
I. INTRODUCTION
Pseudoscalar neutral mesons are important in studying CP violation, as well as CPT vio-
lation, which is important in the standard model extension [1]. Moreover, these particles in
entangled or EPR correlated states have also been used in discussing these violations [2–5].
Several experimental groups have investigated the violations of the CP and CPT symmetries
in the entangled pseudoscalar neutral mesons, such as BdB¯d pairs produced in Υ(4S) reso-
nance and BsB¯s pairs produced in Υ(5S) resonance [6–13], as well as K
0K¯0 pairs produced
in φ resonance [14–17]. Various theoretical studies have also been made [18–32]. However,
most of them concern C = −1 state |Ψ−〉.
On the other hand, it has been known that C = +1 entangled state |Ψ+〉 can also be
produced, for example, for BsB¯s pairs produced in the Υ(5S) resonance with 10% branch
ratio [11, 12, 29] and, most remarkably, for BdB¯d pairs in an energy range just above the
Υ(4S) resonance with 100% branch ratio [33]. Hence it is very interesting to investigate the
decay properties of the C = +1 entangled state, which is the purpose of this paper. Towards
the end of the paper, we shall note some complementarities between the uses of |Ψ+〉 and
|Ψ−〉.
After a review of various CP and CPT violating parameters and the relations among
them in Sec. II, we calculate the rates of the joint decays of the C = +1 entangled meson
pairs in Sec. III. Then we discuss various experimentally observable asymmetries between
different joint decay rates in Sec. IV, giving the general expressions in Subsection IVA, and
considering the semileptonic-semileptonic decays in Subsection IVB, the hadronic-hadronic
decays in Subsection IVC, and the semileptonic-hadronic decays in Subsection IVD. Subse-
quently in Sec. V, we discuss how to obtain the four real numbers of CP and CPT symmetry
violating parameters from the asymmetries of joint decays. In Sec. VI, we discuss some spe-
cific experimentally relevant cases, and present some simple results in the form of theorems.
A summary is made in Sec. VII.
2
II. INDIRECT SYMMETRY VIOLATING PARAMETERS AND TIME EVOLU-
TION
As usual, we denote the pseudoscalar neutral meson with the flavor eigenvalue +1 as |M0〉,
and its antiparticle with the flavor eigenvalue −1 as |M¯0〉 ≡ CP |M0〉. The time-dependent
state of a single meson is
|M(t)〉 = α(t)|M0〉+ β(t)|M¯0〉, (1)
where α(t) and β(t) are determined by
i
d
dt
(
α(t)
β(t)
)
=

 H11 H12
H21 H22

(α(t)
β(t)
)
. (2)
The effective Hamiltonian H has the following properties,
• if CPT or CP is conserved, then H11 = H22,
• if T or CP is conserved, then H12 = H21.
One can define [34]
δM ≡H22 −H11√
H12H21
,
ǫM ≡
√
H12 −
√
H21√
H12 +
√
H21
.
(3)
Indirect CPT conservation implies δM = 0, while indirect CP conservation implies ǫM = 0
and δM = 0.
The eigenvalues of H are
λL ≡ mL − i
2
ΓL =
1
2
[
H11 +H22 −
√
(H11 −H22)2 + 4H12H21
]
,
λS ≡ mS − i
2
ΓS =
1
2
[
H11 +H22 +
√
(H11 −H22)2 + 4H12H21
]
,
(4)
and the corresponding eigenstates are
|ML〉 = 1√|pL|2 + |qL|2
(
pL|M0〉 − qL|M¯0〉
)
,
|MS〉 = 1√|pS|2 + |qS|2
(
pS|M0〉+ qS|M¯0〉
)
.
(5)
Defining
1 + ∆M
1−∆M ≡
δM
2
+
√
1 +
δ2M
4
, (6)
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we have
pL
qL
=
(1 + ǫM )(1 + ∆M )
(1− ǫM )(1−∆M) ,
pS
qS
=
(1 + ǫM)(1−∆M )
(1− ǫM )(1 + ∆M ) .
One also defines
pL
qL
≡ 1 + ǫL
1− ǫL ,
pS
qS
≡ 1 + ǫS
1− ǫS ,
(7)
and
δ =
1
2
(ǫS − ǫL) = H11 −H22
H12 +H21 +
√
(H11 −H22)2 + 4H12H21
,
ǫ =
1
2
(ǫS + ǫL) =
H12 −H21
H12 +H21 +
√
(H11 −H22)2 + 4H12H21
.
(8)
Hence δ = 0 corresponds to H11 = H22 while ǫ = 0 corresponds to H12 = H21. (δM , ǫM) and
(δ, ǫ) are related as
δ =− 1
2
δM(1− ǫ2M)
1 + ǫ2M + (1− ǫ2M)
√
1 +
δ2
M
4
,
ǫ =
2ǫM
1 + ǫ2M + (1− ǫ2M )
√
1 +
δ2
M
4
.
(9)
We would like to emphasize that δ and ǫ are each dependent on both δM and ǫM , that is,
a nonzero value of δ or ǫ corresponds to mixing of CP and CPT violations. Moreover, as
seen in (6), δM = 0 is equivalent to ∆M = 0, and using ∆M can avoid square roots in the
calculations.
Therefore, in the following, we use the parameters (∆M ,ǫM) in characterizing indirect
symmetry violations. ǫM 6= 0 implies indirect CP violation, while ∆M 6= 0 implies indirect
CPT violation and indirect CP violation.
With |M0(t = 0)〉 ≡ |M0〉 and |M¯0(t = 0)〉 ≡ |M¯0〉, we have
|M0(t)〉 = 1
2
[
(1− ξ)e−iλSt + (1 + ξ)e−iλLt]|M0〉+ 1
2
η1(e
−iλSt − e−iλLt)|M¯0〉, (10)
|M¯0(t)〉 = 1
2
η2(e
−iλSt − e−iλLt)|M0〉+ 1
2
[
(1 + ξ)e−iλSt + (1− ξ)e−iλLt]|M¯0〉, (11)
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where
ξ ≡ 2∆M
1 + ∆2M
,
η1 ≡ (1− ǫM)(1−∆
2
M)
(1 + ǫM)(1 + ∆2M )
,
η2 ≡ (1 + ǫM )(1−∆
2
M )
(1− ǫM)(1 + ∆2M )
.
(12)
Now we consider the C = +1 entangled state, shared by particles a and b,
|Ψ+〉 = 1√
2
[|M0〉|M¯0〉+ |M¯0〉|M0〉]. (13)
where each term in the form of |x〉|y〉 apparently means a direct product of |x〉 of a particle
and |y〉 of b particle.
The joint probability, or the joint decay rate, that particle a decays to ψa at time ta while
particle b decays to ψb at time tb can be obtained as
I(ψa, ta;ψ
b, tb) = |〈ψaψb|HaHb|Ψ(ta, tb)〉|2, (14)
where Hα is the weak interaction Hamiltonian governing the decay of particle α = a, b, the
time-dependent state |Ψ+(ta, tb)〉 is given by
|Ψ+(ta, tb)〉 = 1√
2
[|M0(ta)〉|M¯0(tb)〉+ |M¯0(ta)〉|M0(tb)〉], (15)
where |M0(tα)〉 and |M¯0(tα)〉, with α = a, b, are as given in Equations (10) and (11). This
standard treatment using the decay times ta and tb of the two entangled mesons [3–5] gives
the same result as that of the approach taking account of the two measurements at ta and
tb.
By substituting |M0(tα)〉 and |M¯0(tα)〉, one obtains
|Ψ+(ta, tb)〉 = 1
2
√
2
{[
η2(1− ξ)e−iλS(ta+tb) + η2ξe−i(λSta+λLtb) + η2ξe−i(λLta+λStb)
− η2(1 + ξ)e−iλL(ta+tb)
]|M0M0〉
+
[
(1− ξ2)e−iλS(ta+tb) − ξ(1− ξ)e−i(λSta+λLtb)
+ ξ(1 + ξ)e−i(λLta+λStb) + (1− ξ2)e−iλL(ta+tb)]|M0M¯0〉
+
[
(1− ξ2)e−iλS(ta+tb) + ξ(1 + ξ)e−i(λSta+λLtb)
− ξ(1− ξ)e−i(λLta+λStb) + (1− ξ2)e−iλL(ta+tb)]|M¯0M0〉
+
[
η1(1 + ξ)e
−iλS(ta+tb) − η1ξe−i(λSta+λLtb)
− η1ξe−i(λLta+λStb) − η1(1− ξ)e−iλL(ta+tb)
]|M¯0M¯0〉}.
(16)
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Note that the initial entangled state |Ψ+〉 can be rewritten in CP basis exactly as
|Ψ+〉 = 1√
2
[|M+〉|M+〉 − |M−〉|M−〉], (17)
where
|M±〉 = 1√
2
(|M0〉 ± |M¯0〉)
is CP eigenstate of eigenvalue ±1. If needed, |Ψ+(ta, tb)〉 can also be rewritten as
|Ψ+(ta, tb)〉 = 1√
2
[|M+(ta)〉|M+(tb)〉 − |M−(ta)〉|M−(tb)〉], (18)
where
|M+(t)〉 = 14
{
[(2 + η1 + η2)e
−iλSt + (2− η1 − η2)e−iλLt]|M+〉
−(2ξ − η2 + η1)(e−iλSt − e−iλLt)|M−〉
}
,
|M−(t)〉 = 14
{
[(2− η1 − η2)e−iλSt + (2 + η1 + η2)e−iλLt]|M−〉
−(2ξ + η2 − η1)(e−iλSt − e−iλLt)|M+〉
}
.
(19)
In comparison, C = −1 state is
|Ψ−〉 = 1√
2
[|M0〉|M¯0〉 − |M¯0〉|M0〉], (20)
which can be rewritten in CP basis exactly as
|Ψ−〉 = 1√
2
(|M−〉|M+〉 − |M+〉|M−〉). (21)
Note that in CP basis, |Ψ+〉 is a superposition of equal-CP products |M+〉|M+〉 and
|M−〉|M−〉, while |Ψ−〉 is a superposition of unequal-CP products |M−〉|M+〉 and |M+〉|M−〉.
The time-dependent state |Ψ−(ta, tb)〉 is given by
|Ψ−(ta, tb)〉 = 1√
2
[|M0(ta)〉|M¯0(tb)〉 − |M¯0(ta)〉|M0(tb)〉],
=
1
2
√
2
{− η2(e−i(λSta+λLtb) − e−i(λLta+λStb))|M0M0〉
+ [(1− ξ)e−i(λSta+λLtb) + (1 + ξ)e−i(λLta+λStb)]|M0M¯0〉
− [(1 + ξ)e−i(λSta+λLtb) + (1− ξ)e−i(λLta+λStb)]|M¯0M0〉
+ η1(e
−i(λSta+λLtb) − e−i(λLta+λStb))|M¯0M¯0〉},
(22)
which can be rewritten as
|Ψ−(ta, tb)〉 = 1√
2
(|M−(ta)〉|M+(tb)〉 − |M+(ta)〉|M−(tb)〉). (23)
6
III. INTEGRATED RATES OF JOINT DECAYS
We denote the decay amplitudes
ra ≡〈ψa|H|M0〉,
rb ≡〈ψb|H|M0〉,
r¯a ≡〈ψa|H|M¯0〉,
r¯b ≡〈ψb|H|M¯0〉.
(24)
Suppose that particle a decays to |ψa〉 at ta, while particle b decays to |ψb〉 at tb. The
joint decay rate is obtained as
I(ψa, ta;ψ
b, tb) =
∣∣〈ψaψb|HaHb|Ψ+(ta, tb)∣∣2
=
1
8
{
e−ΓS(ta+tb)|Θ|2 + 2e−(ΓSta+Γtb)ℜ[Θ∗Ξe−i∆mtb ] + 2e−(Γta+ΓStb)ℜ[Θ∗Φe−i∆mta ]
+ 2e−Γ(ta+tb)ℜ[Θ∗Λe−i∆m(ta+tb)] + e−(ΓSta+ΓLtb)|Ξ|2 + 2e−Γ(ta+tb)ℜ[Ξ∗Φei∆m(tb−ta)]
+ 2e−(Γta+ΓLtb)ℜ[Ξ∗Λei∆mta ] + e−(ΓLta+ΓStb)|Φ|2 + 2e−(ΓLta+Γtb)ℜ[Φ∗Λei∆mtb ]
+ e−ΓL(ta+tb)|Λ|2},
(25)
where
Γ ≡ 1
2
(ΓS + ΓL),
∆m ≡ mL −mS,
∆Γ ≡ ΓL − ΓS,
Θ = η2(1− ξ)rarb + (1− ξ2)(rar¯b + rbr¯a) + η1(1 + ξ)r¯ar¯b,
Ξ = η2ξr
arb − ξ(1− ξ)rar¯b + ξ(1 + ξ)rbr¯a − η1ξr¯ar¯b,
Φ = η2ξr
arb + ξ(1 + ξ)rar¯b − ξ(1− ξ)rbr¯a − η1ξr¯ar¯b,
Λ = −η2(1 + ξ)rarb + (1− ξ2)(rar¯b + rbr¯a)− η1(1− ξ)r¯ar¯b.
(26)
Consider a fixed time interval ∆t = tb−ta between ta and tb, we obtain the time-integrated
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decay rate
I ′(ψa, ψb,∆t) =
∫ ∞
0
dtaI(ψ
a, ta;ψ
b, ta +∆t)
≡1
8
{e−ΓS∆t
2ΓS
|Θ|2 + 2e−Γ∆tℜ[ Θ∗Ξe−i∆m∆t
ΓS + Γ + i∆m
]
+ 2e−ΓS∆tℜ[ Θ∗Φ
ΓS + Γ + i∆m
]
+ e−Γ∆tℜ[Θ∗Λe−i∆m∆t
Γ + i∆m
]
+
e−ΓL∆t
ΓS + ΓL
|Ξ|2 + e
−Γ∆t
Γ
ℜ[Ξ∗Φei∆m∆t]
+ 2e−ΓL∆tℜ[ Ξ∗Λ
ΓL + Γ− i∆m
]
+
e−ΓS∆t
ΓS + ΓL
|Φ|2 + 2e−Γ∆tℜ[ Φ∗Λei∆m∆t
ΓL + Γ− i∆m
]
+
e−ΓL∆t
2ΓL
|Λ|2
}
.
(27)
Ignoring the higher orders of ∆M and ǫM , we have
ξ ≈ 2∆M ,
η1 ≈ 1− 2ǫM ,
η2 ≈ 1 + 2ǫM ,
(28)
therefore
I(ψa, ta;ψ
b, tb) ≈ 12
[
1
4
f˜ r
arb
0 (ta, tb) + f˜
rarb
1 (ta, tb)ℜ∆M + f˜ rarb2 (ta, tb)ℑ∆M
+f˜ r
arb
3 (ta, tb)ℜǫM + f˜ rarb4 (ta, tb)ℑǫM
]
,
(29)
where the functions f˜ r
arb
i , (i = 0, 1, 2, 3, 4), are as given in Appendix. One also obtains the
integrated rates
I ′(ψa, ψb,∆t) ≈ 1
2
[1
4
f r
arb
0 (∆t) + f
rarb
1 (∆t)ℜ∆M + f r
arb
2 (∆t)ℑ∆M
+ f r
arb
3 (∆t)ℜǫM + f r
arb
4 (∆t)ℑǫM
]
,
(30)
with
f r
arb
i (∆t) =
∫ ∞
0
f˜ r
arb
i (ta, ta +∆t)dta, (31)
the details of which are also given in Appendix.
IV. ASYMMETRIES BETWEEN DIFFERENT JOINT DECAY RATES
A. General formalism
In general, one can consider the asymmetryA(ψ1ψ2, ψ3ψ4; ∆t) between the rate I ′(ψ1, ψ2,∆t)
of the joint decays with ψa = ψ1 and ψb = ψ2 and the rate I ′(ψ3, ψ4,∆t) with ψa = ψ3 and
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ψb = ψ4,
A(ψ1ψ2, ψ3ψ4; ∆t) ≡ I
′(ψ1, ψ2,∆t)− I ′(ψ3, ψ4,∆t)
I ′(ψ1, ψ2,∆t) + I ′(ψ3, ψ4,∆t)
, (32)
≈
1
4
(f r
1r2
0 − f r3r40 ) +
∑4
i=1(f
r1r2
i − f r3r4i )σi
1
4
(f r
1r2
0 + f
r3r4
0 ) +
∑4
i=1(f
r1r2
i + f
r3r4
i )σi
, (33)
where we have introduced shorthand notations σ1 ≡ ℜ∆M , σ2 ≡ ℑ∆M , σ3 ≡ ℜǫM and
σ4 ≡ ℑǫM .
In particular, we shall study the equal-state asymmetry
A(ψ1ψ1, ψ2ψ2; ∆t) ≡ I′(ψ1,ψ1,∆t)−I′(ψ2,ψ2,∆t)
I′(ψ1,ψ1,∆t)+I′(ψ2,ψ2,∆t)
≈ 14 (fr
1r1
0 −f
r2r2
0 )+
∑4
i=1(f
r1r1
i −f
r2r2
i )σi
1
4
(fr
1r1
0 +f
r2r2
0 )+
∑4
i=1(f
r1r1
i +f
r2r2
i )σi
,
(34)
and the unequal-state asymmetry
A(ψ1ψ2, ψ2ψ1; ∆t) ≡ I′(ψ1,ψ2,∆t)−I′(ψ2,ψ1,∆t)
I′(ψ1,ψ2,∆t)+I′(ψ2,ψ1,∆t)
≈
∑4
i=1(f
r1r2
i −f
r2r1
i )σi
1
2
fr
1r2
0
+
∑4
i=1(f
r1r2
i
+fr
2r1
i
)σi
,
(35)
where we have used the property f r
1r2
0 = f
r2r1
0 , which can be seen from the expression of
f r
arb
0 in the Appendix. In the following, we will discuss three different kinds of processes.
B. Semileptonic-semileptonic Processes
Consider the semileptonic-semileptonic decay processes with the final states |ψ1〉 = |l+〉
and |ψ2〉 = |l−〉, which are flavor eigenstates with eigenvalues 1 and −1, respectively.
The decay amplitudes are 〈l+|H|M0〉 ≡ R+, 〈l−|H|M0〉 ≡ S−, 〈l+|H|M¯0〉 ≡ R¯+ and
〈l−|H|M¯0〉 ≡ S¯−.
From Eq. (25), I(l+, ta; l
+, tb) is obtained by substitution (r
a, rb, r¯a, r¯b) = (R+, R+, R¯+, R¯+),
I(l+, ta; l
−, tb) by substitution (r
a, rb, r¯a, r¯b) = (R+, S−, R¯+, S¯−), I(l−a , ta; l
+
b , tb) by substi-
tution (ra, rb, r¯a, r¯b) = (S−, R+, S¯−, R¯+) and I(l−a , ta; l
−
b , tb) by substitution (r
a, rb, r¯a, r¯b) =
(S−, S−, S¯−, S¯−).
In this case, with |ψ1〉 = |l+〉 and |ψ2〉 = |l−〉, the equal-flavor asymmetry is
A(l+l+, l−l−; ∆t) ≈ 14 (fR
+R+
0 −f
S−S−
0 )+
∑4
i=1(f
R+R+
i −f
S−S−
i )σi
1
4
(fR
+R+
0 +f
S−S−
0 )+
∑4
i=1(f
R+R+
i +f
S−S−
i )σi
, (36)
while the unequal-flavor asymmetry is
A(l+l−, l−l+; ∆t) ≈
∑4
i=1(f
R+S−
i −f
S−R+
i )σi
1
2
fR
+S−
0 +
∑4
i=1(f
R+S−
i +f
S−R+
i )σi
. (37)
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They are obtained from Equations (34) and (35) respectively, using the substitution r1 = R+,
r2 = S−, r¯1 = R¯+ and r¯2 = S¯−.
C. Hadronic-hadronic Processes
For the hadronic-hadronic processes, we denote the two final states as |ψ1〉 = |h1〉 and
|ψ2〉 = |h2〉. The decay amplitudes are 〈h1|H|M0〉 ≡ Q1, 〈h2|H|M0〉 ≡ Q2, 〈h1|H|M¯0〉 ≡ Q¯1,
〈h2|H|M¯0〉 ≡ Q¯2.
From Eq. (25), I(h1, ta; h1, tb) is obtained by substitution (r
a, rb, r¯a, r¯b) = (Q1, Q1, Q¯1, Q¯1),
I(h1, ta; h2, tb) by substitution (r
a, rb, r¯a, r¯b) = (Q1, Q2, Q¯1, Q¯2), I(h2, ta; h1, tb) by substitu-
tion (ra, rb, r¯a, r¯b) = (Q2, Q1, Q¯2, Q¯1) and I(h2, ta; h2, tb) by substitution (r
a, rb, r¯a, r¯b) =
(Q2, Q2, Q¯2, Q¯2).
In this case, with |ψ1〉 = |h1〉 and |ψ2〉 = |h2〉, the equal-state asymmetry is
A(h1h1, h2h2; ∆t) ≈
1
4
(f
Q1Q1
0 −f
Q2Q2
0 )+
∑4
i=1(f
Q1Q1
i −f
Q2Q2
i )σi
1
4
(f
Q1Q1
0 +f
Q2Q2
0 )+
∑4
i=1(f
Q1Q1
i +f
Q2Q2
i )σi
, (38)
while the unequal-state asymmetry is
A(h1h2, h2h1; ∆t) ≈
∑4
i=1(f
Q1Q2
i −f
Q2Q1
i )σi
1
2
f
Q1Q2
0 +
∑4
i=1(f
Q1Q2
i +f
Q2Q1
i )σi
. (39)
They are obtained from Equations (34) and (35), respectively, using the substitution r1 =
Q1, r
2 = Q2, r¯
1 = Q¯1 and r¯
2 = Q¯2.
D. Semileptonic-hadronic Process
For semileptonic-hadronic processes, consider |ψa〉 = |l+〉 or |l−〉 while |ψb〉 = |h1〉 or
|h2〉, or vice versa. So there are eight cases of (ψa, ψb). From Eq. (25), I(l+, ta; h1, tb)
is obtained by substitution (ra, rb, r¯a, r¯b) = (R+, Q1, R¯
+, Q¯1), I(h1, ta; l
+, tb) by substi-
tution (ra, rb, r¯a, r¯b) = (Q1, R
+, Q¯1, R¯
+), I(l+, ta; h2, tb) by substitution (r
a, rb, r¯a, r¯b) =
(R+, Q2, R¯
+, Q¯2), I(h2, ta; l
+, tb) by substitution (r
a, rb, r¯a, r¯b) = (Q2, R
+, Q¯2, R¯
+), I(l−, ta; h1, tb)
by substitution (ra, rb, r¯a, r¯b) = (S−, Q1, S¯
−, Q¯1), I(h1, ta; l
−, tb) by substitution (r
a, rb, r¯a, r¯b) =
(Q1, S
−, Q¯1, S¯
−), I(l−, ta; h2, tb) by substitution (r
a, rb, r¯a, r¯b) = (S−, Q2, S¯
−, Q¯2) and I(h2, ta; l
−, tb)
by substitution (ra, rb, r¯a, r¯b) = (Q2, S
−, Q¯2, S¯
−), respectively.
For these eight different outcomes, one can define 28 different asymmetries according
to (32). They are A(l+h1, h1l
+,∆t), A(l+h1, l
+h2,∆t), A(l
+h1, h2l
+,∆t), A(l+h1, l
−h1,∆t),
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A(l+h1, h1l
−,∆t), A(l+h1, l
−h2,∆t), A(l
+h1, h2l
−,∆t), A(h1l
+, l+h2,∆t), A(h1l
+, h2l
+,∆t),
A(h1l
+, l−h1,∆t), A(h1l
+, h1l
−,∆t), A(h1l
+, l−h2,∆t), A(h1l
+, h2l
−,∆t), A(l+h2, h2l
+,∆t),
A(l+h2, l
−h1,∆t), A(l
+h2, h1l
−,∆t), A(l+h2, l
−h2,∆t), A(l
+h2, h2l
−,∆t), A(h2l
+, l−h1,∆t),
A(h2l
+, h1l
−,∆t), A(h2l
+, l−h2,∆t), A(h2l
+, h2l
−,∆t), A(l−h1, h1l
−,∆t), A(l−h1, l
−h2,∆t),
A(l−h1, h2l
−,∆t), A(h1l
−, l−h2,∆t), A(h1l
−, h2l
−,∆t) and A(l−h2, h2l
−,∆t).
Among them there are four unequal-state asymmetries of the form of (35),
A(l+h1, h1l
+,∆t) ≈
∑4
i=1(f
R+Q1
i −f
Q1R
+
i )σi
1
2
f
R+Q1
0 +
∑4
i=1(f
R+Q1
i +f
Q1R
+
i )σi
,
A(l+h2, h2l
+,∆t) ≈
∑4
i=1(f
R+Q2
i −f
Q2R
+
i )σi
1
2
f
R+Q2
0 +
∑4
i=1(f
R+Q2
i +f
Q2R
+
i )σi
,
A(l−h1, h1l
−,∆t) ≈
∑4
i=1(f
S−Q1
i −f
Q1S
−
i )σi
1
2
f
S−Q1
0 +
∑4
i=1(f
S−Q1
i +f
Q1S
−
i )σi
,
A(l−h2, h2l
−,∆t) ≈
∑4
i=1(f
S−Q2
i
−f
Q2S
−
i
)σi
1
2
f
S−Q2
0
+
∑4
i=1(f
S−Q2
i
+f
Q2S
−
i
)σi
.
(40)
V. DETERMINING SYMMETRY VIOLATING PARAMETERS FROM DECAY
ASYMMETRIES
We have discussed asymmetries of different decay modes, from which one can determine
the CP and CPT violating parameters. There are four real numbers in the CP and CPT
violating parameters. To derive the expressions of the four violating parameters, we need
equal number of decay asymmetries.
Suppose we consider four asymmetries Ak ≡ A(ψ1kψ2k, ψ3kψ4k; ∆t), with k = 1, 2, 3, 4 repre-
sent four different joint decay channels. According to (33),
Ak =
1
4
(f
r1
k
r2
k
+
0 − f r
3
k
r4
k
0 ) +
∑4
i=1(f
r1
k
r2
k
i − f r
3
k
r4
k
i )σi
1
4
(f
r1
k
r2
k
0 + f
r3
k
r4
k
0 ) +
∑4
i=1(f
r1
k
r2
k
i + f
r3
k
r4
k
i )σi
. (41)
Defining
ak ≡ 14 [(1− Ak)f
r1
k
r2
k
0 − (1 + Ak)f r
3
k
r4
k
0 ],
Kki ≡ (Ak − 1)f r
1
k
r2
k
i + (Ak + 1)f
r3
k
r4
k
i ,
(42)
we can rewrite the four equations given by (41) as the following relation between these four
asymmetries and the symmetry violating parameters,

a1
a2
a3
a4


= K


ℜ∆M
ℑ∆M
ℜǫM
ℑǫM


. (43)
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Hence the CP and CPT symmetry violating parameters can be determined as


ℜ∆M
ℑ∆M
ℜǫM
ℑǫM


= K−1


a1
a2
a3
a4


, (44)
where K−1 is the inverse matrix of K. This provides a general relation between symmetry
violating parameters and four arbitrarily chosen decay asymmetries.
A good choice is to use the equal-state and unequal-state asymmetries defined for
semileptonic-semileptonic processes and hadronic-hadronic processes. That is, we make
the substitutions
A1 = A(l
+l+, l−l−; ∆t)
A2 = A(l
+l−, l−l+; ∆t)
A3 = A(h1h1, h2h2; ∆t)
A4 = A(h1h2, h2h1; ∆t).
(45)
Then
a1 ≡ 14 [(1− A1)fR
+R+
0 − (1 + A1)fS−S−0 ],
a2 ≡ −12A2fR
+S−
0 ,
a3 ≡ 14 [(1− A3)fQ1Q10 − (1 + A3)fQ2Q20 ],
a4 ≡ −12A4fQ1Q20 ,
(46)
while the matrix elements of K are given by
K1i ≡(A1 − 1)fR+R+i + (A1 + 1)fS
−S−
i ,
K2i ≡(A2 − 1)fR+S−i + (A2 + 1)fS
−R+
i ,
K3i ≡(A3 − 1)fQ1Q1i + (A3 + 1)fQ2Q2i ,
K4i ≡(A4 − 1)fQ1Q2i + (A4 + 1)fQ2Q1i ,
(47)
with i = 1, 2, 3, 4 and f r
arb
i ≡ f rarbi (∆t).
One can also use some of the asymmetries defined for the semileptonic-hadronic decay
processes. For example, a convenient choice is to use the four unequal-state asymmetries in
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the semileptonic-hadronic decay processes. Hence one makes the substitutions
A1 = A(l
+h1, h1l
+,∆t),
A2 = A(l
+h2, h2l
+,∆t),
A3 = A(l
−h1, h1l
−,∆t),
A4 = A(l
−h2, h2l
−,∆t).
(48)
Then
a1 ≡ −12A5fR
+Q1
0 ,
a2 ≡ −12A6fR
+Q¯2
0 ,
a3 ≡ −12A7fS
−Q1
0 ,
a4 ≡ −12A8fS
−Q¯2
0 ,
(49)
while the matrix elements of K are given by
K1i =(A1 − 1)fR+Q1i + (A1 + 1)fQ1R
+
i ,
K2i =(A2 − 1)fR
+Q2
i + (A2 + 1)f
Q2R
+
i ,
K3i =(A3 − 1)fS
−Q1
i + (A3 + 1)f
Q1S
−
i ,
K4i =(A4 − 1)fS
−Q¯2
i + (A4 + 1)f
Q¯2S
−
i ,
(50)
with i = 1, 2, 3, 4.
VI. SOME THEOREMS CONCERNING DECAY ASYMMETRIES AND CP AND
CPT VIOLATIONS
First consider the following situation of equal-time joint decays. If we exchange ψa and
ψb, then ra and rb are exchanged, thus Θ and Λ remain unchanged while Ξ and Φ are
exchanged, consequently, (30) indicates that I ′(ψa, ψb,∆t = 0) = I ′(ψb, ψa,∆t = 0), and
thus A(ψaψb, ψbψa; ∆t = 0) = 0.
Theorem 1: Consider joint decays of |Ψ+〉. For ∆t = 0, any unequal-state asymmetry
A(ψaψb, ψbψa; ∆t = 0) always vanishes no matter whether there is CP or CPT violation.
The same conclusion is also valid for |Ψ−〉, and has been shown previously for the spe-
cial cases of joint decays to flavor eigenstates and joint decays to CP eigenstates [32].
In the following we show that it is valid for any equal-time unequal-state asymmetry
A(ψaψb, ψbψa; ∆t = 0). From (22), we obtain for C = −1 state,
I(ψa, ta;ψ
b, tb) =
∣∣〈ψaψb|H|ψ(ta, tb)〉∣∣2
=
1
8
[e−(ΓSta+ΓLtb)|θ|2 − 2e−Γ(ta+tb)ℜ(θ∗λei∆m∆t) + e−(ΓLta+ΓStb)|λ|2],
(51)
where
θ ≡ η2rarb − (1− ξ)rar¯b + (1 + ξ)r¯arb − η1r¯ar¯b,
λ ≡ η2rarb + (1 + ξ)rar¯b − (1− ξ)r¯arb − η1r¯ar¯b.
(52)
Obviously when ψa and ψb are exchanged, so do θ and λ. Consequently, when ta = tb = t,
I(ψa, t;ψb, t) = I(ψb, t;ψa, t), which implies that any equal-time unequal-state asymmetry
A(ψaψb, ψbψa; ∆t = 0) is zero.
Theorem 2: Consider joint decays of |Ψ−〉. For ∆t = 0, any unequal-state asymmetry
A(ψaψb, ψbψa; ∆t = 0) always vanishes no matter whether there is CP or CPT violation.
A. Semileptonic-semileptonic Processes
(i) If CP is conserved indirectly, then ǫM = ∆M = 0, thus Θ = (r
a + r¯a)(rb + r¯b),
Λ = (ra − r¯a)(rb − r¯b), Ξ = Φ = 0. Consequently, without making any approximation, we
obtain exactly
A(l+l+, l−l−; ∆t) =
fR
+R+
0 (∆t)−f
S−S−
0 (∆t)
fR
+R+
0 (∆t)+f
S−S−
0 (∆t)
,
A(l+l−, l−l+; ∆t) = 0.
(53)
Any deviation from these two equalities means indirect CP violation. Especially, a nonva-
nishing value of unequal-flavor asymmetry A(l+l−, l−l+; ∆t) is a signature of indirect CP
violation.
Theorem 3: Consider joint decays of |Ψ+〉. If the unequal-flavor asymmetry A(l+l−, l−l+; ∆t)
is nonzero, then CP must be violated indirectly.
(ii) If CP is conserved directly, then R+ = S¯− and S− = R¯+, consequently
fR
+R+
0 = f
S−S−
0 ,
fR
+R+
i = −fS
−S−
i ,
fR
+S−
j = f
S−R+
j = 0,
fR
+S−
0 = f
S−R+
0 ,
(54)
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where i = 1, 2, 3, 4 and j = 3, 4. Then
A(l+l+, l−l−; ∆t) ≈ 4
∑4
i=1 f
R+R+
i σi
fR
+R+
0
,
A(l+l−, l−l+; ∆t) ≈
∑2
i=1(f
R+S−
i −f
S−R+
i )σi
1
2
fR
+S−
0 +
∑2
i=1(f
R+S−
i +f
S−R+
i )σi
,
(55)
which says that A(l+l−, l−l+; ∆t) does not depend on ǫM up to its first order. Furthermore,
if CPT is also assumed to be conserved indirectly, i.e. ∆M = 0, then A(l
+l−, l−l+; ∆t) ∼
O(ǫ2M).
Theorem 4: Consider joint decays of |Ψ+〉. If the unequal-flavor asymmetry A(l+l−, l−l+; ∆t)
depends on the first order of ǫM , then CP must be violated directly.
(iii) If the semileptonic decays respect ∆F = ∆Q rule, where F is the flavor quantum
number and Q is charge number, then R¯+ = S− = 0. Consequently
fR
+R+
0 =
∣∣R+
S¯−
∣∣4fS−S−0 ,
fR
+R+
i = −
∣∣R+
S¯−
∣∣4fS−S−i ,
fR
+S−
0 = f
S−R+
0 ,
fR
+S−
j = f
S−R+
j = 0,
(56)
with i = 1, 2, 3, 4, j = 3, 4. Then
A(l+l+, l−l−; ∆t) ≈
1
4
(1−|R
+
S−
|4)fS
−S−
0 +
∑4
i=1(1+|
R+
S−
|4)fS
−S−
i σi
1
4
(1+|R
+
S−
|4)fS
−S−
0 +
∑4
i=1(1−|
R+
S−
|4)fS
−S−
i σi
,
A(l+l−, l−l+; ∆t) ≈
∑2
i=1(f
R+S−
i −f
S−R+
i )σi
1
2
fR
+S−
0
+
∑2
i=1(f
R+S−
i
+fS
−R+
i
)σi
,
(57)
that is, A(l+l−, l−l+; ∆t) does not depend on ǫM up to its first order in this situation.
Theorem 5: Consider joint decays of |Ψ+〉. If the unequal-flavor asymmetry A(l+l−, l−l+; ∆t)
depends on the first order of ǫM , then ∆F = ∆Q rule must be violated.
B. Hadronic-hadronic Processes
(i) For the hadronic-hadronic processes, first we consider the situation of |h1〉 = CP |h2〉,
that is, |h1〉 and |h2〉 are mutual CP conjugates. For example, B0B¯0 → D+K−D−K+, π+D−S π−D+S .
If CP is conserved directly, then Q1 = Q¯2 and Q2 = Q¯1, one can obtain
f
Q1Q1
0 = f
Q2Q2
0 ,
f
Q1Q1
i = −fQ2Q2i ,
f
Q1Q2
0 = f
Q2Q1
0 ,
f
Q1Q2
j = f
Q2Q1
j = 0,
(58)
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where i = 1, 2, 3, 4, j = 3, 4. It is obtained that
A(h1h1, h2h2; ∆t) ≈ 4
∑4
i=1 f
Q1Q1
i σi
f
Q1Q1
0
,
A(h1h2, h2h1; ∆t) ≈
∑2
i=1(f
Q1Q2
i −f
Q2Q1
i )σi
1
2
f
Q1Q2
0 +
∑2
i=1(f
Q1Q2
i +f
Q2Q1
i )σi
.
(59)
So A(h1h2, h2h1; ∆t) does not depend on ǫM up to its first order. Furthermore, if CPT is also
assumed to be conserved indirectly, then ∆M = 0, consequently A(h1h2, h2h1; ∆t) ∼ O(ǫ2M).
One can see the similarity between A(h1h1, h2h2; ∆t) and A(l
+l−, l−l+; ∆t), and that between
A(h1h2, h2h1; ∆t) and A(l
+l−, l−l+; ∆t).
Theorem 6: Consider joint decays of |Ψ+〉. Suppose |h1〉 and |h2〉 are CP conjugates.
If A(h1h1, h2h2; ∆t) depends on the first order of ǫM , then CP must be violated directly.
(ii) Consider the situation of CP |h1〉 = |h1〉 and CP |h2〉 = −|h2〉, that is, |h1〉 and |h2〉
are CP eigenstates with eigenvalues 1 and −1, respectively. From the expression (17) of
|Ψ+〉 in terms of CP eigenstates, it is immediately seen that with ∆t = 0, if CP is conserved
both directly and indirectly, then the decay products of the two particle should always be
CP eigenstates with an equal eigenvalue, hence I(h1, ta; h2, tb) = I(h2, ta; h1, tb) = 0.
Theorem 7: Consider joint decays of |Ψ+〉. Suppose |h1〉 and |h2〉 are CP eigenstates
with eigenvalues 1 and −1, respectively. The deviation of I(h1, ta; h2, ta) or I(h2, ta; h1, ta)
from zero implies CP violation, direct or indirect or both.
In more quantitative details, let us first assume that CP is conserved directly, then
the decay amplitudes satisfy Q1 = Q¯1 and Q2 = −Q¯2, therefore for |ψa〉 = |h1〉 while
|ψb〉 = |h2〉, I(h1, ta; h2, tb) is given by (25) with Θ = [η2 − η1 − (η2 + η1)ξ]Q1Q2, Ξ =
(η1 + η2 + 2)ξQ1Q2, Φ = (η1 + η2 − 2)ξQ1Q2, Λ = [η1 − η2 − (η2 + η1)ξ]Q1Q2. Similarly
if |ψa〉 = |h2〉 while |ψb〉 = |h1〉, then I(h2, ta; h1, tb) is given by (25) withΘ = [η2 − η1 −
(η2 + η1)ξ]Q1Q2, Ξ = (η1 + η2 − 2)ξQ1Q2, Φ = (η1 + η2 + 2)ξQ1Q2, Λ = [η1 − η2 − (η2 +
η1)ξ]Q1Q2. Consequently, I(h1, ta; h2, tb) and I(h2, ta; h1, tb) are of the order of O(∆
2
M) and
O(ǫ2M). Moreover, if CP is also indirectly conserved, then ξ = 0, thus Θ = Λ while Ξ = Φ,
consequently I(h1, ta; h2, ta) = I(h2, ta; h1, tb) = 0, confirming Theorem 7.
Theorem 8: Consider joint decays of |Ψ+〉. Suppose |h1〉 and |h2〉 are CP eigenstates
with eigenvalues 1 and −1, respectively. If I(h1, ta; h2, tb) and I(h2, ta; h1, tb) are order of
the order of O(∆M) and O(ǫM), then CP is violated directly.
On the other hand, if we first assume that CP is conserved indirectly, then ξ = 0 and
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η1 = η2 = 1, thus |M+(t)〉 = e−iλSt|M+〉, |M−(t)〉 = e−iλLt|M−〉. Consequently
|ψ(ta, tb)〉 = 1√
2
[e−iλS(ta+tb)|M+〉|M+〉 − e−iλL(ta+tb)|M−〉|M−〉], (60)
which implies I(h1, ta; h2, tb) = I(h2, ta; h1, tb) = |e−iΛS(ta+tb)(Q1+Q¯1)(Q2+Q¯2)−e−iΛL(ta+tb)(Q1−
Q¯1)(Q2 − Q¯2)|2. Moreover, if CP is also conserved directly, then Q1 = Q¯1, Q2 = −Q¯2, con-
sequently I(h1, ta; h2, tb) = I(h2, ta; h1, tb) = 0, again confirming Theorem 7.
C. Semileptonic-hadronic Process
For semileptonic-hadronic processes, here we consider some of the asymmetries, for which
the assumption of CP conservation can lead to relatively simple results.
(i) Consider the case that the hadronic decay products satisfy CP |h1〉 = |h2〉. If CP is
conserved directly, then R+ = S¯−, R¯+ = S−, Q1 = Q¯2 and Q2 = Q¯1. Consequently
f
R+Q1
0 = f
S−Q2
0 ,
f
R+Q1
i = −fS
−Q2
i ,
f
R+Q2
0 = f
S−Q1
0 ,
f
R+Q2
i = −fS
−Q1
i ,
(61)
with i = 1, 2, 3, 4. So to the order of O(∆M) and O(ǫM), we have
A(l+h1, l
−h2; ∆t) ≈ 4(f
R+Q1
1
f
R+Q1
0
ℜǫM + f
R+Q1
2
f
R+Q1
0
ℑǫM + f
R+Q1
3
f
R+Q1
0
ℜ∆M + f
R+Q1
4
f
R+Q1
0
ℑ∆M),
A(l+h2, l
−h1; ∆t) ≈ 4(f
R+Q2
1
f
R+Q2
0
ℜǫM + f
R+Q2
2
f
R+Q2
0
ℑǫM + f
R+Q2
3
f
R+Q2
0
ℜ∆M + f
R+Q2
4
f
R+Q2
0
ℑ∆M).
(62)
(ii) Consider the case that the hadronic decay products are CP eigenstates, which satisfy
CP |h1〉 = |h1〉 and CP |h2〉 = −|h2〉. If CP is conserved directly, then R+ = S¯−, R¯+ = S−,
Q1 = Q¯1 and Q2 = −Q¯2. Consequently,
f
R+Qk
0 = f
S−Qk
0 = f
QkS
−
0 ,
f
R+Qk
i = −fS
−Qk
i = −fQkS
−
i ,
(63)
with i = 1, 2, 3, 4 and k = 1, 2. So up to the order of O(∆M) and O(ǫM), we have
A(l+hk, l
−hk; ∆t) ≈ A(l+hk, hkl−; ∆t)
≈ 4(f
R+Qk
1
f
R+Qk
0
ℜǫM + f
R+Qk
2
f
R+Qk
0
ℑǫM + f
R+Qk
3
f
R+Qk
0
ℜ∆M + f
R+Qk
4
f
R+Qk
0
ℑ∆M),
(64)
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with k = 1, 2.
Theorem 9: Consider the semileptonic-hadronic decay asymmetries A(l+hk, hkl
−; ∆t)
and A(l+hk, l
−hk; ∆t) of |Ψ+〉, (k = 1, 2). Suppose |h1〉 and |h2〉 are CP eigenstates with
eigenvalues 1 and −1, respectively. If A(l+hk, hkl−; ∆t) 6= A(l+hk, l−hk; ∆t) even in the first
order of CP and CPT violating parameters, then CP must be violated directly.
VII. SUMMARY
To summarize, we have studied C = +1 entangled state |Ψ+〉 of pseudoscalar neutral
meson pairs. We have calculated various integrated joint decay rates of semileptonic-
semileptonic processes, hadronic-hadronic processes and semileptonic-hadronic processes,
as well as experimentally observable asymmetries defined for them, including equal-state
asymmetries, unequal-state asymmetries and more general ones, which are functions of the
CP and CPT violating parameters. Any four of these asymmetries can be used to determine
the real and imaginary parts of the indirect symmetry violating parameters ǫM and ∆M .
For example, one can choose the equal-state and unequal-state asymmetries in semileptonic-
semileptonic and hadronic-hadronic decays. Alternatively, one can choose four asymmetries
in semileptonic-hadronic decays. The coefficients in these equations depend on whether CP
is violated directly or whether ∆F = ∆Q rule is violated indirectly or directly. Through
these relations we can examine whether various symmetries or rules are violated, and deter-
mine the symmetry violating parameters. Also note that these relations are for a given ∆t,
hence by using various different values, one can obtain the quantities in many times, and
make averages.
We also make some simple statements concerning the joint decays of |Ψ+〉 presented as
theorems, as the following. If the unequal-flavor asymmetry A(l+l−, l−l+; ∆t) is nonzero,
then CP must be violated indirectly. If A(l+l−, l−l+; ∆t) depends on the first order of ǫM ,
then CP must be violated directly, and ∆F = ∆Q rule is violated. If A(h1h1, h2h2; ∆t) for
CP conjugates |h1〉 and |h2〉 depends on the first order of ǫM , then CP is violated directly.
For CP eigenstates |h1〉 and |h2〉 with eigenvalues 1 and −1, respectively, the deviation of
I(h1, ta; h2, tb) or I(h2, ta; h1, tb) from zero implies CP violation. For CP eigenstates |h1〉
and |h2〉 with eigenvalues 1 and −1, respectively, consider the semileptonic-hadronic decay
asymmetries A(l+hk, hkl
−; ∆t) and A(l+hk, l
−hk; ∆t), (k = 1, 2). If A(l
+hk, hkl
−; ∆t) 6=
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A(l+hk, l
−hk; ∆t) even in the first order of CP and CPT violating parameters, then CP
must be violated directly.
The uses of |Ψ+〉 and |Ψ−〉 well complement each other. Two outstanding examples are as
follows. In flavor basis, their relative phases between |M0〉|M¯0〉 and |M¯0〉|M0〉 are opposite.
Consequently, CP must be violated indirectly if the unequal-flavor asymmetry in |Ψ+〉 is
nonzero, while if the equal-flavor asymmetry in |Ψ−〉is nonzero [32]. On the other hand, in
CP basis, |Ψ+〉 is a superposition of equal-CP terms |M+〉|M+〉 and |M−〉|M−〉, while |Ψ−〉
is a superposition of unequal-CP terms |M−〉|M+〉 and |M+〉|M−〉. Consequently, CP must
be violated if any unequal-CP joint decay rate of |Ψ+〉 is nonzero, while if any equal-CP
joint decay rate of |Ψ−〉 is nonzero [32]. Besides, |Ψ+〉 and |Ψ−〉 also share some common
phenomena. For example, for both |Ψ+〉 and |Ψ−〉, any equal-time unequal-state asymmetry
A(ψaψb, ψbψa; ∆t = 0) must always vanish no matter whether CP and CPT are violated.
We hope the present study of |Ψ+〉 motivates its use in studying CP and CPT violations.
Among various reasons, note the availability of |Ψ+〉 is available in an energy range just
above the Υ(4S) resonance with 100% branch ratio [33].
Appendix A: Detailed expressions of f˜ r
arbr¯ar¯b
i and f
rarbr¯ar¯b
i
f˜ r
arb
0 (ta, tb) = |(ra + r¯a)(rb + r¯b)|2e−ΓS(ta+tb) + |(ra − r¯a)(rb − r¯b)|2e−ΓL(ta+tb)
−2e−Γ(ta+tb)ℜ[(ra + r¯a)∗(rb + r¯b)∗(ra − r¯a)(rb − r¯b)e−i∆m(ta+tb)],
f r
arb
0 (∆t) = e
−Γ∆t
{
|(ra+r¯a)(rb+r¯b)|2
2ΓS
e
∆Γ∆t
2 + |(r
a−r¯a)(rb−r¯b)|2
2ΓL
e−
∆Γ∆t
2
−ℜ[ (ra+r¯a)∗(rb+r¯b)∗(ra−r¯a)(rb−r¯b)
(Γ+i∆m)
e−i∆m∆t
]}
,
f˜ r
arb
1 (ta, tb) = −e−ΓS(ta+tb)ℜ
[
(rarb − r¯ar¯b)∗(ra + r¯a)(rb + r¯b)]
+e−ΓL(ta+tb)ℜ[(rarb − r¯ar¯b)∗(ra − r¯a)(rb − r¯b)]
−e−Γ(ta+tb)ℜ[(rarb − r¯ar¯b)∗(ra + r¯a)(rb + r¯b)ei∆m(ta+tb)]
+e−Γ(ta+tb)ℜ[(rarb − r¯ar¯b)∗(ra − r¯a)(rb − r¯b)e−i∆m(ta+tb)]
+e−(Γta+ΓStb)|rb + r¯b|2ℜ[(ra + r¯a)∗(ra − r¯a)e−i∆mta]
+e−(ΓSta+Γtb)|ra + r¯a|2ℜ[(rb + r¯b)∗(rb − r¯b)e−i∆mtb]
−e−(Γta+ΓLtb)|rb − r¯b|2ℜ[(ra − r¯a)∗(ra + r¯a)ei∆mta]
−e−(ΓLta+Γtb)|ra − r¯a|2ℜ[(rb − r¯b)∗(rb + r¯b)ei∆mtb],
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f r
arb
1 (∆t) = e
−Γ∆t
{
− ℜ[(rarb−r¯ar¯b)∗(ra+r¯a)(rb+r¯b)]
2ΓS
e
∆Γ∆t
2 + ℜ[(r
arb−r¯ar¯b)∗(ra−r¯a)(rb−r¯b)]
2ΓL
e−
∆Γ∆t
2
−ℜ[ (rarb−r¯ar¯b)∗(ra+r¯a)(rb+r¯b)
2(Γ−i∆m)
ei∆m∆t
]
+ ℜ[ (rarb−r¯ar¯b)∗(ra−r¯a)(rb−r¯b)
2(Γ+i∆m)
e−i∆m∆t
]
+|rb + r¯b|2ℜ[ (ra+r¯a)∗(ra−r¯a)
Γ+ΓS+i∆m
]
e−
∆Γ∆t
2 + |ra + r¯a|2ℜ[ (rb+r¯b)∗(rb−r¯b)
Γ+ΓS+i∆m
e−i∆m∆t
]
−|rb − r¯b|2ℜ[ (ra−r¯a)∗(ra+r¯a)
Γ+ΓL−i∆m
]
e
∆Γ∆t
2 − |ra − r¯a|2ℜ[ (rb−r¯b)∗(rb+r¯b)
Γ+ΓL−i∆m
ei∆m∆t
]}
,
f˜ r
arb
2 (ta, tb) = −e−ΓS(ta+tb)ℑ
[
(rarb − r¯ar¯b)∗(ra + r¯a)(rb + r¯b)]
+e−ΓL(ta+tb)ℑ[(rarb − r¯ar¯b)∗(ra − r¯a)(rb − r¯b)]
−e−Γ(ta+tb)ℑ[(rarb − r¯ar¯b)∗(ra + r¯a)(rb + r¯b)ei∆m(ta+tb)]
+e−Γ(ta+tb)ℑ[(rarb − r¯ar¯b)∗(ra − r¯a)(rb − r¯b)e−i∆m(ta+tb)]
−e−(Γta+ΓStb)|rb + r¯b|2ℑ[(ra + r¯a)∗(ra − r¯a)e−i∆mta]
−e−(ΓS ta+Γtb)|ra + r¯a|2ℑ[(rb + r¯b)∗(rb − r¯b)e−i∆mtb]
+e−(Γta+ΓLtb)|rb − r¯b|2ℑ[(ra − r¯a)∗(ra + r¯a)ei∆mta]
+e−(ΓLta+Γtb)|ra − r¯a|2ℑ[(rb − r¯b)∗(rb + r¯b)ei∆mtb],
f r
arb
2 (∆t) = e
−Γ∆t
{
− ℑ[(rarb−r¯ar¯b)∗(ra+r¯a)(rb+r¯b)]
2ΓS
e
∆Γ∆t
2 + ℑ[(r
arb−r¯ar¯b)∗(ra−r¯a)(rb−r¯b)]
2ΓL
e−
∆Γ∆t
2
−ℑ[ (rarb−r¯ar¯b)∗(ra+r¯a)(rb+r¯b)
2(Γ−i∆m)
ei∆m∆t
]
+ ℑ[ (rarb−r¯ar¯b)∗(ra−r¯a)(rb−r¯b)
2(Γ+i∆m)
e−i∆m∆t
]
−|rb + r¯b|2ℑ[ (ra+r¯a)∗(ra−r¯a)
Γ+ΓS+i∆m
]
e
∆Γ∆t
2 − |ra + r¯a|2ℑ[ (rb+r¯b)∗(rb−r¯b)
Γ+ΓS+i∆m
e−i∆m∆t
]
+|rb − r¯b|2ℑ[ (ra−r¯a)∗(ra+r¯a)
Γ+ΓL−i∆m
]
e−
∆Γ∆t
2 + |ra − r¯a|2ℑ[ (rb−r¯b)∗(rb+r¯b)
Γ+ΓL−i∆m
ei∆m∆t
]}
,
f˜ r
arb
3 (ta, tb) =e
−ΓS(ta+tb)ℜ[(rarb − r¯ar¯b)∗(ra + r¯a)(rb + r¯b)]
+ e−ΓL(ta+tb)ℜ[(rarb − r¯ar¯b)∗(ra − r¯a)(rb − r¯b)]
− e−Γ(ta+tb)ℜ[(rarb − r¯ar¯b)∗(ra + r¯a)(rb + r¯b)ei∆m(ta+tb)]
− e−Γ(ta+tb)ℜ[(rarb − r¯ar¯b)∗(ra − r¯a)(rb − r¯b)e−i∆m(ta+tb)],
f r
arb
3 (∆t) = e
−Γ∆t
{
ℜ[(rarb−r¯ar¯b)∗(ra+r¯a)(rb+r¯b)]
2ΓS
e
∆Γ∆t
2 + ℜ[(r
arb−r¯ar¯b)∗(ra−r¯a)(rb−r¯b)]
2ΓL
e−
∆Γ∆t
2
−ℜ[ (rarb−r¯ar¯b)∗(ra+r¯a)(rb+r¯b)
2(Γ−i∆m)
ei∆m∆t
]− ℜ[ (rarb−r¯ar¯b)∗(ra−r¯a)(rb−r¯b)
2(Γ+i∆m)
e−i∆m∆t
]}
,
f˜ r
arb
4 (ta, tb) =e
−ΓS(ta+tb)ℑ[(rarb − r¯ar¯b)∗(ra + r¯a)(rb + r¯b)]
+ e−ΓL(ta+tb)ℑ[(rarb − r¯ar¯b)∗(ra − r¯a)(rb − r¯b)]
− e−Γ(ta+tb)ℑ[(rarb − r¯ar¯b)∗(ra + r¯a)(rb + r¯b)ei∆m(ta+tb)]
− e−Γ(ta+tb)ℑ[(rarb − r¯ar¯b)∗(ra − r¯a)(rb − r¯b)e−i∆m(ta+tb)],
f r
arb
4 (∆t) = e
−Γ∆t
{
ℑ[(rarb−r¯ar¯b)∗(ra+r¯a)(rb+r¯b)]
2ΓS
e
∆Γ∆t
2 + ℑ[(r
arb−r¯ar¯b)∗(ra−r¯a)(rb−r¯b)]
2ΓL
e−
∆Γ∆t
2
−ℑ[ (rarb−r¯ar¯b)∗(ra+r¯a)(rb+r¯b)
2(Γ−i∆m)
ei∆m∆t
]− ℑ[ (rarb−r¯ar¯b)∗(ra−r¯a)(rb−r¯b)
2(Γ+i∆m)
e−i∆m∆t
]}
.
20
ACKNOWLEDGMENTS
This work was supported by the National Science Foundation of China (Grant No.
10875028). We thank Sheldon Stone for drawing our attention to Ref. [33].
[1] D. Colladay and V. A. Kostelecky´, Phys. Rev. D 55, 6760 (1997). V. A. Kostelecky´, Phys.
Rev. Lett. 80, 1818 (1998); D. Colladay and V. A. Kostelecky´, Phys. Rev. D 58, 116002
(1998); V. A. Kostelecky´, Phys. Rev. D 82, 101702 (2010).
[2] M. Goldhaber, T. D. Lee and C. N. Yang, Phys.Rev. 112, 1796 (1958).
[3] D. R. Inglis, Rev. Mod. Phys. 33, 1 (1961).
[4] T. B. Day, Phys. Rev. 121, 1204 (1961).
[5] H. J. Lipkin, Phys. Rev. 176, 1715 (1968).
[6] B. Aubert et al., (BABAR Collaboration), Phys. Rev. Lett. 88, 221802 (2002).
[7] B. Aubert et al., (BABAR Collaboration), Phys. Rev. Lett. 89, 201802 (2002).
[8] K. Abe et al., (Belle Collaboration), Phys. Rev. D 66, 071102(R) (2002).
[9] B. Aubert et al., (BABAR Collaboration), Phys. Rev. D 70, 012007 (2004).
[10] B.Aubert et al., (BABAR Collaboration), Phys. Rev. Lett. 96, 251802 (2006).
[11] O. Aquines et al., (CLEO Collaboration), Phys. Rev. Lett. 96, 152001 (2006).
[12] R. Louvot et al. (Belle Collaboration), Phys. Rev. Lett. 102, 021801 (2009).
[13] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. Lett. 109, 211801 (2012).
[14] F. Ambrosino et al., (KLOE Collaboration), Phys. Lett. B 642, 315 (2006).
[15] A. Di Domenico, KLOE Collaboration, J. Phys. Conf. Ser. 171, 012008 (2009).
[16] A. Di Domenico, KLOE Collaboration, Found. Phys. 40, 852 (2010).
[17] G.Amelino-Camelia et al., Euro. Phys. J. C 68, 619 (2010).
[18] J. Bernabe´u, F. J. Botella and J. Rolda´n, Phys. Lett. B 211, 226 (1980).
[19] I. Dunietz, J. Hauser and J. L. Rosner, Phys. Rev. D 35, 2166 (1987).
[20] C. D. Buchanan et al., Phys. Rev. D 45, 4088 (1992).
[21] G. D’Ambrosio, G. Isidori and A. Pugliese, arXiv:hep-ph/9411389, in L. Maiani, G. Pancheri
and N. Paver. (eds.), The Second DAΦNE Physics Handbook, (SIS-Publicazioni, Frascati,
1995).
21
[22] M. Kobayashi, A.I. Sanda, Phys. Rev. Lett. 69, 3139 (1992); Z. Xing, Phys. Rev. D 50, 2957
(1994); V.A. Kostelecky and R. Van Kooten, Phys. Rev. D 54, 5585 (1996); P. Colangelo, G.
Corcella, Eur. Phys. J. C 1, 515 (1998).
[23] V. A. Kostelecky´, Phys. Rev. D 61, 016002 (1999); V. A. Kostelecky´, Phys. Rev. D 64, 076001
(2001).
[24] M. C. Ban˜uls and J. Bernabe´u, Phys. Lett. 464, 117 (1999); M. C. Ban˜uls and J. Bernabe´u,
Nucl. Phys. B 590, 19 (2000); J. Bernabe´u, F. Martinez-Vidal and P. Villanueva-Perez, JHEP
1208, 064 (2012).
[25] K. R. S. Balaji, W. Horn and E. A. Paschos, Phys. Rev. D 68, 076004 (2003).
[26] J. Bernabe´u, N. E. Mavromatos, and J. Papavassiliou, Phys. Rev. Lett. 92, 131601 (2004);
E. A´lvarez and J. Bernabe´u, JHEP 11, 087 (2006); N. E. Mavromatos, Found. Phys. 40, 917
(2010).
[27] A. F. Falk and A. A. Petrov, Phys. Rev. Lett. 85, 252 (2000); D. Atwood and A. A. Petrov,
Phys. Rev. Lett. 71, 054032 (2005).
[28] I. Bigi and A. Sanda, CP violation, (Cambridge University Press, Cambrdge, 2009).
[29] D. Atwood and A. Soni, Phys. Rev. D 82, 036003 (2010).
[30] O. Kittle and A. Pilaftsis, Nucl. Phys. B 856, 682 (2012).
[31] Z. Huang and Y. Shi, Euro. Phys. J. C 72, 1900(2012).
[32] Y. Shi, Euro. Phys. J. C 72, 1907(2012); Y. Shi, Euro. Phys. J. C 73, 2506 (2013).
[33] D. S. Skerib et al., Phys. Rev. Lett. 67, 1692 (1991).
[34] K. C. Chou, W. F. Palmer, E. A. Paschos and Y. L. Wu, Eur. Phys. J. C 16, 279 (2000).
[35] J. Beringer et al. (Particle Data Group) , Phys. Rev. D, 86, 010001 (2012).
22
